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We have determined the crystal structure of nicotinate phosphoribosyltransferase from Themoplasma acidophilum (TaNAPRTase). The TaNAPRTase has three domains, an N-terminal domain, a central functional domain and a unique C-terminal domain. The crystal structure revealed the functional domain has a type II phosphoribosyltransferase fold that may be a common architecture for both nicotinic acid and quinolinic acid (QA) phosphoribosyltransferases (PRTase) despite low sequence similarity between them. Unlike QAPRTase, TaNAPRTase has a unique extra C-terminal domain containing a zinc-knuckle like motif containing four cysteines. The TaNAPRTase forms a trimer of dimers in the crystal. The active site pocket is formed at dimer interfaces. The complex structures with phosphoribosylpyrophosphate (PRPP) and nicotinate mononucleotide (NAMN) showed, surprisingly, that functional residues lining on the active site of TaNAPRTase are quite different from those of QAPRTase though their substrates are quite similar to each other. The phosphate moiety of PRPP and NAMN is anchored to the phosphate binding loops formed by backbone amides, as found in many α/β barrel enzymes. The pyrophosphate moiety of PRPP is located at the entrance of the active site pocket whereas the nicotinate moiety of NAMN is located deep inside. Interestingly, the nicotinate moiety of NAMN is intercalated between highly conserved aromatic residues Tyr21 and Phe138.
Careful structural analyses combined with other NAPRTase sequence subfamilies reveal that TaNAPRTase represents a unique sequence subfamily of NAPRTase.
The structures of TaNAPRTase also provide valuable insight for other sequence subfamilies such as pre-B cell colony-enhancing factor, known to have nicotinamide phosphoribosyltranferase activity.
Nicotinamide adenine dinucleotide (NAD) is an essential cofactor for both energy metabolism and signal transduction like dual functional nucleotides, ATP and GTP. The role of NAD acting on redox equilibrium in metabolism has been well known in processes such as DNA repair and calcium-dependent signaling pathways (1) . NAD is synthesized via two major pathways in both prokaryotic and eukaryotic organisms.
In one pathway, NAD is synthesized from tryptophan, a de novo pathway (2) , and in the other, NAD is generated by recycling degraded NAD products such as nicotinamide, referred to as the salvage pathway (3) .
The three precursors, quinolinate (QA), nicotinate (NA) and nicotinamide (NAm), can be transferred onto phosphoribosyl pyrophosphate (PRPP) by the respective phosphoribosyl transferase (Fig. 1) . The resulting mononucleotides, nicotinamide mononucleotide (NMN) or nicotinic acid mononucleotide (NAMN), are converted into the corresponding dinucleotides, NAD or nicotinic acid adenine dinucleotide (NAAD), by nicotinamide mononucleotide adenylyltransferase (4) . Finally, NAAD is amidated to NAD by NAD synthase. Surprisingly, increasing the activity of NAD biosynthetic enzymes has been recently demonstrated to extend lifespan (5, 6) . Overexpression of enzymes of the NAD biosynthetic pathway such as nicotinate phosphoribosyltransferase (NAPRTase), nicotinate mononucleotide adenylyltransferase or nicotinamidase in yeast results in higher activity of the NADdependent histone deacetylase Sir2p and concomitant lifespan extension (7) (8) (9) .
NAPRTase is a facultative ATPase that couples ATP hydrolysis and nucleotide formation in the salvage pathway (3) . The NAPRTase from Salmonella typhimurium (StNAPRTase) catalyzes NAMN formation without ATP but accelerates the reaction 10 to 30 fold in its presence (10) . A lowaffinity form of StNAPRTase is phosphorylated by ATP followed by conversion to a high-affinity form binding substrates and producing NAMN. The covalently phosphorylated site, His219, is converted to a labile 1-phosphohistidine by ATP (11) .
In order to elucidate the molecular function of NAPRTase, we have determined the crystal structures of native and substrate bound forms of an NAPRTase homologue from Thermoplasma acidophilum (TaNAPRTase, gi: 16082162). In the Pfam database (12) , TaNAPRTase belongs to pfam04095 together with StNAPRTase and EcNAPRTase (NAPRTase from E. coli). The TaNAPRTase also shows strong sequence homology to pre-B-cell colonyenhancing factor (PBEF), one of the members of Pfam04095 (Fig. 2A) . The murine homologue of the previously identified human PBEF gene coding for a putative cytokine has been identified as a nicotinamide phosphoribosyltranferase (NAmPRTase) indicating that NAD biosynthesis may play an important role in lymphocyte activation (13) . The structural and functional relationship of NAPRTase sequence subfamilies is also discussed based on the crystal structures together with sequence comparisons.
MATERIALS AND METHODS
Cloning of TaNAPRTase -The sequence encoding TaNAPRTase was amplified by the polymerase chain reaction (PCR) from Thermoplasma acidophilum genomic DNA (American Type Culture Collection, Manassas, VA) using Deep Vent DNA Polymerase (New England Biolabs, Beverly, MA). The resulting PCR product was purified and prepared for ligation independent cloning (LIC) (14) by treatment with T4 DNA polymerase in the presence of 1 mM dTTP for 30 min at 37°C. The prepared DNA was then mixed with the vector pB4 for 5 min at room temperature and transformed into DH5α. This pB4 vector was designed in our laboratory to express the target protein together with an N-terminal 6-histidine tag-maltose-binding protein (MBP) fusion containing a tobacco etch virus (TEV) protease cleavage site. Clones were screened by plasmid DNA analysis and transformed into BL21(DE3)/pSJS1244 for protein expression (15 (16) . Cells were disrupted by microfluidization (Microfluidics, Newton, MA, USA) in 50 mM HEPES, pH 7, 500 mM NaCl, 1 mM phenylmethylsulfonylfluoride, 10 µg/ml DNAse, 0.1 µg/ml Antipain, 1 µg/ml Chymostatin, 0.5 µg/ml Leupeptin, and 0.7 µg/ml Pepstatin A and cell debris was pelleted by centrifugation at 10,000 rpm for 20 min in a Sorvall centrifuge.
The supernatant was then spun in a Beckman ultracentrifuge Ti45 rotor at 35,000 rpm for 30 min at 4°C. The fusion protein was affinity purified using two 5 ml HiTrap Chelating HP columns (GE Healthcare, Piscataway, NJ). The fusion protein was bound to the column in 5% glycerol, 50 mM HEPES and pH 7.0, 500 mM NaCl and was eluted with a gradient of 4 mM to 300 mM imidazole in 10 column volumes. Fractions were pooled and dialyzed overnight at room temperature against 50 mM HEPES, pH 7.0, 0.1 M NaCl, 5mM β-mercaptoethanol and 10 mM imidazole in the presence of Tobacco Etch virus (TEV) protease. After centrifugation, the supernatant was applied onto a 5 ml HiTrap Metal Chelating (Ni 2+ ) column. The cleaved recombinant protein was found in the flow-through. Further purification was performed with sizeexclusion chromatography in 20 mM TrisHCl, pH 7.5 and 300 mM NaCl. SDS-PAGE showed one band ~ 43 kDa, corresponding to the molecular weight of TaNAPRTase.
The When crystals are grown in 2.4 M sodium malonate at pH 7.0, the electron density map showed the presence of partially occupied NAMN. Interestingly, the addition of 10mM nicotinate for 12 hours clearly showed a fully occupied NAMN bound in the structure. Data collection and reduction -The crystal grown in the first crystallization solution was soaked in a drop of mother liquor containing 5 mM K 2 IrCl 6 for 12 hours, then transferred to mother liquor with 10 % glycerol before being flash-frozen in liquid nitrogen and used for X-ray data collection. X-ray diffraction data to 2.8 Å were collected at a single wavelength (1.10490 Å, Table 1A ) of iridium absorption peak at the Macromolecular Crystallography Facility beamline 5.0.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory using an Area Detector System Co. (Poway, CA) Quantum 4 CCD detector placed 250 mm from the sample. The oscillation range per image was 1.0° with no overlap between two contiguous images. Xray diffraction data were processed and scaled using DENZO and SCALEPACK from the HKL program suite (18) . The data sets for the complex crystals with PRPP and NAMN were collected to 2.75 Å and 2.65 Å, respectively.
Data statistics are summarized in Table 1A .
Structure determination and refinementOne major and two minor iridium positions were located using the program SOLVE (19) with figure of merit (FOM) 0.22 at 2.9 Å resolution. The initial single-wavelength anomalous dispersion phases (SAD) were further improved by solvent flattening using the program RESOLVE (19) . The best interpretable map was found from 20.0 to 2.9 Å resolution data with FOM 0.55. There was one molecule in the asymmetric unit and a model was built using the program O (20) with the aid of secondary structure prediction from PSIPRED (21 
RESULTS and DISCUSSION
Quality of the model and overall structureThe final model of the native crystal structure includes 389 out of 393 residues. The final models have been refined at 2.8 Å resolution to a crystallographic R-factor of 19.8 % and free R-factor of 24.6 % (Fig. 3) . The averaged B-factors for main chain atoms and side chain atoms are 43.6 Å 2 and 47.4 Å 2 , respectively. In the TaNAPRTase models, three C-terminal residues are undefined in the electron density map. Table 1B summarizes the refinement statistics as well as model quality parameters. All residues lie in the allowed region of the φ-ϕ plot produced with PROCHECK (23).
The Cα trace of the atomic model of TaNAPRTase is shown in Fig. 4A . The monomer has approximate dimensions of 80 Å x 55 Å x 25 Å. TaNAPRTase consists of three domains, an N-terminal α+β domain, a central α/β domain, and a C-terminal domain containing a zinc-knuckle like domain. The three dimers form a hexamer with a circular ring structure in the unit cell (Fig. 4B, C, D) . The thickness of the ring is about 50 Å and the approximate diameters inside and outside of the ring are 35 Å and 90 Å, respectively.
The presence of quaternary structures is supported by results from a dynamic light scattering experiment indicating the presence of several oligomeric states of TaNAPRTase in solution (data not shown). The surface area of TaNAPRTase buried by dimer formation is very large (per monomer ~2,730 Å 2 ). Interestingly, the major interaction at the dimeric interface is ionic rather than hydrophobic as usually found in dimeric proteins. The interaction between dimers (~1,950 Å 2 per dimer) that results in a hexameric state in the crystal structure is also ionic.
Therefore, the oligomeric states can be achieved or destroyed depending on surrounding conditions influencing these ionic interactions such as pH, salt, or protein concentration. The result from a sizeexclusion column in high salt conditions proved that TaNAPRTase could be present as a monomer (see Methods and Materials). A similar hexamer formation by three dimers dependent on high protein concentration or ionic strength has been reported based on the crystal structure of QAPRTase from Mycobacterium tuberculosis (MtQAPRTase) (24) .
The major interaction at the dimeric interface of the MtQAPRTase is also ionic rather than hydrophobic.
The final models of a NAMN bound and PRPP bound structures have been determined at 2.65 Å and 2.75 Å, respectively. The difference fourier maps were used to build substrate models. In the PRPP bound structure, the electron density of a pyrophosphate moiety was weak (Fig.  3A) . This might be the result of the lack of magnesium ion known to bind with PRPP. In the NAMN bound structure, in addition to NAMN bound in the active site, one Tris buffer molecule was also found in the vicinity of Lys122 and Lys125 in the refined model. Table 1B summarizes the refinement statistics as well as model quality parameters. All residues lie in the allowed region of the φ-ϕ plot produced with PROCHECK (23) . These substrate bound crystal structures suggested that the functional unit of TaNAPRTase is at least a dimeric form as discussed below. Overall structural comparison of TaNAPRTase with QAPRTases -A DALI search (25) shows that the highest similarity is found with MtQAPRTase (24) with Z value of 18.9 (root-mean-square (r.m.s) deviations of 2.9 Å for 254 pairs of aligned Cα atoms; 1qpo-A). Most of the N-and the central domains of TaNAPRTase are matched with the whole domain of MtQAPRTase (Fig. 5A ), despite the low sequence similarity between NAPRTase and QAPRTase ( Fig. 2A) .
The N-terminal domain of TaNAPRTase is composed of a β-sheet stacked with four α-helices having a α-β plait topology similar to that of MtQAPRTase.
However, the following differences are observed: (1) The N-terminal antiparallel β-sheet of TaNAPRTase is composed of six β-strands instead of the four found in MtQAPRTase by adding extra two β-strands from the C-terminal domain; (2) The starting region of the N-terminus is composed of a loop and a short α-helix involved in dimeric interaction, unlike the long N-terminal helix of MtQAPRTase not involved in dimeric interaction.
The seven β-stranded α/β barrel structure of the central domain of TaNAPRTase has been first observed in QAPRTase from Salmonella typhimurium (StQAPRTase) known as the type II phosphoribosyltransferase fold (26) . This is a unique fold with an approximate topology of αβαβ(βα) 4 β unlike the conventional topology of (α/β) 8 .
However, some deviations are observed in the TaNAPRTase structure: (1) An extra α-helix H6 is present between β7 and H7; (2) The loop between H6 and H7 does not form a part of the β-barrel due to the large gap with β8. As a result, the actual topology is αβαβα 2 (βα) 3 β instead of αβαβ(βα) 4 β.
Active site comparison between TaNAPRTase and QAPRTases -NAPRTase and QAPRTase use the same substrate, PRPP, to transfer the phosphoribosyl group and use NA and QA, respectively to produce NAMN. The comparison of the three active sites of TaNAPRTase and two QAPRTases, StQAPRTase and EcQAPRTase, revealed that the shape and the size of the active site pocket (~8 Å x 12 Å) are strongly correlated with the shape and size of the final product, NAMN.
The active site pockets are confined by the other dimer subunit. The dimerization is thought to be important in increasing substrate specificity and the proper functioning of TaNAPRTase as shown in the two QAPRTase structures.
Except the dimension of the active sites, other characteristics of the active sites are quite different between TaNAPRTase and the two QAPRTases. The QA bound structures of the two QAPRTases showed the presence of a strongly positively charged cleft inside the active site pocket to accommodate two carboxylate moieties of QA (24) . However, in TaNAPRTase, the active site pocket itself is not so basic due to the presence of a relatively high content of hydrophobic and aromatic residues. The basic residues lining the active site pockets are as follows: (1) StQAPRTase has eight basic residues, Arg118' (from the other subunit), Arg152, Lys153, Arg159, Lys163, His174, Arg175, and Lys183; (2) MtQAPRTase has eight basic residues, Arg105', Arg136, Arg139, Lys140, His161, Arg162, Lys172, and His 274; (3) TaNAPRTase has four basic redues, Arg141, Arg 142, His182 and Arg235. Interestingly, there is no conserved residue detected in the active site pockets between TaNAPRTase and the two QAPRTases. Structural comparison of PRPP bound forms -For the transfer of the phosphoribosyl group, PRPP must bind to the enzyme. In type I phosphoribosyltransferases, there are three conserved motifs forming a PRPP-binding site (27) . However, TaNAPRTase has a type II phosphoribosyltransferase fold not having these motifs, as first shown in the StQAPRTase structure.
The structural comparison was done between PRPP bound TaNAPRTase and 5-phosphoribosyl-1-(β-methylene) pyrophosphate, a PRPP analog, bound MtQAPRTase. In both structures, the phosphate group of PRPP binds to a by guest on October 30, 2017 http://www.jbc.org/ Downloaded from common phosphate binding motif of many α/β barrel enzymes and QAPRTase (28). It is known that the phosphate group is bound between the C-terminal ends of the final two β-strands of the α/β barrel, created by residues of the loop between β-strand 7 (β11 in the case of TaNAPRTase) and α-helix 7 (H10) and the N-terminus of the additional helix 8' (H11) of conventional α/β barrel structures (Fig. 6A) . Though the sequence similarity among the phosphate-binding motifs is poor, the structures overlay in quite a striking manner. There is almost no conservation of the basic residues that coordinate the phosphate group.
The important driving force of phosphate binding is due to main-chain amides similar to the oxyanion hole formed by a glycine rich motif as shown in the carboxylesterase structure (29).
Two conserved motifs, 269 hSGGh 273 (h stands for hydrophobic residue) and 290 GVGXX 294 ( Fig. 2B and Fig.  6B ) serve to accommodate the phosphate group of PRPP.
The comparison of the two complex structures revealed that pyrophosphate moieties are located at the entrance of the active site pocket. However, their specific position and interacting residues are quite different between TaNAPRTase and MtQAPRTase as shown in Fig. 6B . In the case of MtQAPRTase, though there are few directly interacting residues, several charged residues (Arg48', Arg105', Glu104', Asp 173, Glu201, and Asp222) are located to help charged interaction.
However, TaNAPRTase has few charged residues, Asp237 and Asp302', located around PRPP but Ser240 from the 235 RLDTPSSRRG 244 motif (Fig. 2B ) strongly interacts with PRPP (Fig. 3A) .
The comparison of native and PRPP complex structures of TaNAPRTase shows no significant conformational changes. As shown in Fig. 3A , only a few side chains lining the active site pocket relocate their positions to avoid steric hindrance with PRPP.
Structural comparison of NAMN bound forms -The comparison of NAMN structures of TaNAPRTase and the two QAPRTases shows that NAMNs occupy a different site from PRPP; NAMN is located inside the cavity instead of the entrance (Fig.  6) .
However, the phosphate group of NAMN is located in approximately the same position as that of PRPP. Therefore, the architecture for accommodating the phosphate moiety of PRPP and NAMN may be critical for enzyme function.
The ribosylnicotinate moiety of NAMN swings from outside to inside as compared with the ribosylpyrophosphate moiety of PRPP.
To accommodate the two carboxylate groups of QA, StQAPRTase has five basic residues (Arg118', Arg152, Lys153, His174, and Arg175) lining the deep active site pocket (26) . MtQAPRTase has four (Arg136, Arg139, His161, and Arg162) in the deep active site pocket to accommodate the QA and NA moiety of NAMN (24) . TaNAPRTase has only one basic residue, Arg235, in the deep active site. However, to compensate the weak basic potential in the deep active site, TaNAPRTase employs a different strategy to deal with the same product. In addition to specific binding of NAMN to Arg235 from the 235 RLDTSSRRG 244 motif and hydrogen bond with Thr179 of the 178 GTMPH 182 motif, the aromatic ring of NA intercalates between the highly conserved aromatic resides Tyr21' and Phe138 (Fig. 2B and 3B) . The distances between these aromatic rings are around 4 Å, the general distance of stacked base pairs in DNA.
Therefore, TaNAPRTase uses a stacking effect as a driving force to accommodate NA. C-terminal unique zinc finger domain -The C-terminal domain (299-393) of TaNAPRTase is composed of seven β-strands followed by the terminal α-helix (H12). The first two β-strands and the last β-strand formed a six stranded β-sheet with three N-terminal β-strands. The next four β-strands form a zinc-knuckle like structure formed by the four cysteines, Cys330, Cys333, Cys348, and Cys350. However, there is no zinc atom in the center of four cysteines. A DALI search (25) with the C-terminal domain shows the highest similarity with a DNA replication initiator from Methanobacterium thermoautotrophicum (Z=2.1; r.m.s deviations of 2.7 Å for 39 pairs of aligned Cα atoms; 1ltl-A). Interestingly, the aligned 39 Cα atoms of the DNA replication initiator is composed of a zinc-knuckle structure (Fig. 7) . This zinc finger domain of the DNA replication initiator is involved in a unique dodecamerization interaction rather than a functional activity (30).
The psi-blast search with the Cterminal sequence showed that the CXXC(X) 14 CXC motif is unique and is not conserved in NAPRTase subfamily. Therefore, the role of this motif may be unique to TaNAPRTase. In the tertiary and quaternary structure of TaNAPRTase, this motif does not interact with any other domains, unlike that of the DNA replication initiator.
Comparison of TaNAPRTase with other homologs using sequence alignment and secondary structure prediction -NAPRTase has been identified in many species from bacteria to human. In the Pfam database (12) , TaNAPRTase, StNAPRTase, EcNAPRTase, and PBEF belong to pfam04095. In NCBI CDD database (31), they are categorized in different subfamilies: TaNAPRTase belongs to cd01571 (called NAPRTase subgroup B), StNAPRTase belongs to cd01401 (called PncB_like), and PBEF to cd01569 (called PBEF_like). To infer the structural properties of these subfamilies, sequence alignments and secondary structure predictions have been performed and compared with those of TaNAPRTase.
As expected, overall structure is predicted to be quite similar ( Fig. 2A) .
Especially the functionally important type II phosphoribosyltransferase fold is predicted to be present in all the members.
The α/β barrel domain is apparent in the secondary structure predictions.
NAPRTase has ATPase activity even if it is not essential for a function. StNAPRTase clearly showed the presence of a phosphorylated intermediate after ATP hydrolysis (11) . His219 is phosphorylated and converted to phosphohistidine (11) . The sequence alignment shows that His219 is not conserved in TaNAPRTase and PBEF subfamilies ( Fig. 2A) . Therefore, it is not clear whether the formation of a phosphohistidine is the common property of all NAPRTases or not. If this is the case, His182 from the 178 GTMPH 182 motif of TaNAPRTase is one of the candidates for a phosphorylation site because it is located at the active site pocket.
Recently, PBEF from murine has been identified as an NAmPRTase (13) . The NAmPRTase function is predicted to originate from a type II phosphoribosyltransferase fold, as discussed above. The sequence alignment shows that the nicotinate binding residues and phosphate moiety of PRPP binding motifs are more similar to those of TaNAPRTase. In NCBI CDD database, TaNAPRTase (the NAPRTase subgroup B) sequence family is closer to the PBEF sequence family than to the PncB_like sequence family. However, PBEF has a longer N-terminal domain similar to PncB_like and has several insertions not found in other subfamilies. Therefore, the crystal structure of TaNAPRTase together with sequence information show that TaNAPRTase, PBEF, and PncB_like subfamilies have their unique sequence motifs and structural properties for their specific function, even though they share a common fold and function.
In summary, the first crystal structure of an NAPRTase family member is presented in this paper. The presence of the type II phosphoribosyltransferase fold in the TaNAPRTase structure together with bound PRPP and NAMN complex structures helps to explain the NAPRTase function of this family at a molecular level. The application of structural information to analyze subfamilies gives an insight for finding common as well as unique properties of each subfamily. Thus, the crystal structure of TaNAPRTase provides a structural framework for understanding the molecular Blue represent α-helix, red for β-strand, and green for 3 10 -helix. The "-" represents a gap, "*" for identical residues, ":" for highly conserved residues, and "." for less highly conserved residues. % sequence identities are also shown. DomI represents sequence identity of domain I of each species against TaNAPRTase, DomII for domain II, DomIII for domain III, and ALL for the entire protein, respectively. StNAPRTase
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